Abstract The present work considers the application of oxide semiconductors in the conversion of solar energy into the chemical energy required for water purification (removal of microbial cells and toxic organic compounds from water) and the generation of solar hydrogen fuel by photoelectrochemical water splitting. The first part of this work considers the concept of solar energy conversion by oxide semiconductors and the key performance-related properties, including electronic structure, charge transport, flat band potential and surface properties, which are responsible to the reactivity and photoreactivity of oxides with water. The performance of oxide systems for solar energy conversion is briefly considered in terms of an electronic factor. The progress of research in the formation of systems with high performance is considered in terms of specific aspects of nanotechnology, leading to the formation of systems with high performance. The nanotechnology approach in the development of high-performance photocatalysts is considered in terms of the effect of surface energy associated with the formation of nanostructured system on the formation of surface structures that exhibit outstanding properties. The unresolved problems that should be tackled in better understanding of the effect of nanostructures on properties and performance of oxide semiconductors in solar energy conversion are discussed. This part is summarised by a list of unresolved problems of crucial importance in the formation of systems with enhanced performance. This work also formulates the questions that must be addressed in order to overcome the hurdles in the formation of oxide semiconductors with high performance in water purification and the generation of solar fuel. The research strategy in the development of oxide systems with high performance, including photocatalysts for solar water purification and photoelectrodes for photoelectrochemical water splitting, is considered. The considerations are focused on the systems based on titanium dioxide of different defect disorder as well as its solid solutions and composites.
Introduction
The supply of energy is crucial in the development of the modern day technology. However, the intensive use of fossil fuels in the production of energy results in increasing emission of greenhouse gases and climate change. The latter is already apparent. As a result, our environment is under threat. In order to protect the environment from further deterioration, the UN is committed to sustainable practises. The recent UN Conference on Sustainable Development (Rio 2012) resulted in the formulation of the US Commitment to the Sustainable Practises of Higher Education Institutions Initiative. The initiative encourages introduction of teaching programs on sustainable development concepts, to be part of the core curriculum across all disciplines, and encourage research on sustainable development.
The key requirement to address climate change is to abandon fossil fuels in the production of energy and rely more extensively on renewable energy sources. It is consequently essential to increase the efforts in the development of new systems for the conversion of renewable energy into alternative types of energy.
Solar energy is the type of renewable energy that is available in abundance in most parts of the globe. Figure 1 represents the global insolation showing the most favourable areas for practical utilisation of solar energy. The most attractive use of solar energy is the generation of solar hydrogen fuel from water as the raw material.
There is an international consensus that fossil fuels should be replaced by hydrogen fuel. The international efforts aim to adopt the present hydrogen technologies, which rely on fossil fuels as the primary source for hydrogen fuel [1] . Awareness is growing, however, that hydrogen as fuel is environmentally friendly only when generated using renewable energy. Therefore, intensive research aims at the generation of hydrogen from water using solar energy. The present work considers the R&D strategy on solar hydrogen generation by photoelectrochemical water oxidation.
Another environmental and humanitarian problem concerns the availability of clean drinking water. The water treatment requires energy. So far, water treatment technologies are based on energy generated from fossil fuels. This approach is expensive and results in climate change. As a consequence, drinking water is not available in many parts of the globe. As a result, above 2 million people, mainly children, die annually due to waterborne diseases. In order to address this huge humanitarian problem, there is a need to develop the technologies of water purification that are environmentally friendly and less expensive [2] . The present work considers application of solar energy in photocatalytic water purification.
Solar energy is of a particular interest because of its availability in abundance in most parts of the globe. So far, solar energy is most commonly applied in the production of electricity using the technology that is based on silicon, which so far is the key solar material. This technology, which is already entrenched, leads to the production of PV cells, which can be used in the domestic scale and also in the formation of larger solar farms. However, silicon as the solar material has several disadvantages, including high costs and susceptibility for corrosion, especially when immersed in water. Due to the latter reason, silicon cannot be applied for photoelectrochemical oxidation of water. Consequently, there is a need to develop a new generation of solar materials, which are less expensive and resistant for corrosion and photocorrosion in water.
The promising candidates for the new generation of solar materials are semiconducting metal oxides, which are relatively stable in water. Titanium dioxide (TiO 2 ) is the oxide material, which exhibits a particularly high stability in water. Therefore, the current research on oxide semiconductors for the use of solar energy for water oxidation is focused on this oxide material.
The pioneering experiment of Fujishima and Honda [3] has shown that TiO 2 may be used for the conversion of solar energy into the chemical energy required for water splitting into its elemental components (hydrogen and oxygen), as well as active radicals which have the capacity to oxidise organic compounds present in contaminated water. So far, however, the related technologies have not been commercialised.
The aim of the present work is to consider the R&D approaches in the formation of TiO 2 -based oxide semiconductors, which can be used for the technological applications in solar to chemical energy conversion. It is shown, however, that in order to overcome the hurdles in the development of systems with high performance, multidisciplinary skills must be available to the related R&D program. The present work, which is co-authored by experts representing materials science, surface science, physics, and electrochemistry, is an attempt in the formation of a multidisciplinary approach in the formation of the critical mass of expertise that is needed in addressing the development of the technologies for solar water purification and the generation of solar fuel.
TiO 2 -based semiconductors

Band model
This section considers basic properties of TiO 2 , and its solid solutions. The focus is on semiconducting properties of pure TiO 2 and the effect of aliovalent ions, forming donors and acceptors, on semiconducting properties and reactivity of TiO 2 with water and the associated conversion of solar to chemical energy.
Any oxide material, including TiO 2 , exhibits reproducible properties only when its oxygen activity and the related defect disorder are well defined [4] . Therefore, the properties of TiO 2 must first be considered in terms of oxygen activity in the gasphase environment and the gas/solid reactions taking place at the TiO 2 /O 2 interface.
Oxidation of TiO 2 at room temperature, or at moderate temperatures at which the TiO 2 lattice is still immobile, results in oxygen chemisorptions leading to charging of the surface. The effect of oxygen chemisorptions on surface charge and the related space charge, which is represented by band bending, is schematically represented in Fig. 2 .
As seen, adsorption of oxygen results in the formation of negative oxygen species at the surface. The resulting negative surface charge is compensated by positive space charge in the boundary layer. This space charge is responsible for the formation of an electric field in the boundary layer, which leads to separation of light-induced electronic charge carriers. The associated flat band potential is an important quantity of oxide semiconductors activity as photocatalysts and photoelectrodes.
The effect of oxygen chemisorptions on surface charge becomes insignificant at elevated temperatures. In this case, oxidation of TiO 2 results in oxygen incorporation into the oxide lattice and leads to lowering the Fermi level, as it is represented schematically in Figs. 3 and 4 for an n-type and ptype semiconductors, respectively. Therefore, oxygen may be considered as an acceptor-type dopant. Specifically, oxidation and reduction of TiO 2 results in a surface change of oxygen nonstoichiometry, which is represented by x in the formula TiO 2-x [5] . The nonstoichiometry can be considered in terms of point defects. In equilibrium, their concentration in the bulk phase is well defined by the conditions of the equilibrium, including oxygen activity and temperature as follows:
The concentration at the surface is entirely different from that of the bulk phase as a result of segregation of intrinsic defects. Moreover, their concentration in the surface layer exhibits a concentration gradient as it is schematically represented in Fig. 5 .
However, foreign ions usually have more substantial effect on the Fermi level when incorporated in the lattice. The incorporation of acceptor-and donor-type ions results in a substantial increase and decrease of Fermi level, respectively. The incorporation of acceptors into an n-type semiconductor, such as TiO 2 , may lead to n-to-p transition as it is represented schematically in Fig. 6 .
The effect of oxygen and aliovalent ions on semiconducting properties of the bulk phase is entirely different from that at the surface due to the excess of surface energy resulting in segregation of the lattice species, leading to a decrease of the surface energy [6] .
The following sections consider several properties, which have a crucial effect on the performance of metal oxides as photocatalysts and photoelectrodes, including band gap, charge transport, flat band potential, and surface properties.
Band gap
Exposure of a semiconductor to light results in light absorption leading to ionisation over the band gap and the formation of electron-hole pair. The part of the solar spectrum being absorbed by semiconductor depends on its band gap energy. Semiconductors are able to absorb the light energy equal to or larger than the energy of the band gap. In the case of pure TiO 2 , the light can be absorbed at the energy of 3 and 3.2 eV for rutile and anatase, respectively [7] . Figure 7 represents the part of the solar spectrum, which can be absorbed by pure TiO 2 (rutile).
As seen, only an insignificant amount of the solar spectrum can be absorbed by pure TiO 2 . The amount of light absorbed may be increased when the band gap is decreased. Therefore, intensive research aims at decreasing the band gap using band gap engineering through the formation of solid solutions [5, 8] . The optimised band gap of TiO 2 , which is associated with maximised performance, is in the range 1.7-2.2 eV.
The light-induced charge carriers have a tendency to recombine, leading to energy losses. These losses can be reduced by effective separation of the charge carriers in an electric field, which is represented in Fig. 8b by a curvature of the bands. As seen, the electric field shown in Fig. 8 has a tendency to bring electrons towards the bulk and electron holes towards the surface, leading to the formation of anodic active sites.
Band gap may be reduced using the so called band gap engineering [4] . This consists in the incorporation of aliovalent ions leading to the formation of solid solutions [5] . The effect of chromium, molybdenum and niobium on the band gap of TiO 2 is shown in Fig. 9 [8, 9] . As seen, these ions lead to the reduction of band gap to the level of 2, 2.8 and 2.6 eV, respectively. As also seen, the effect becomes substantial already at the concentration level of 1 %.
The light-induced ionisation leads to a substantial change in the concentration of electronic charge carriers established in dark conditions. The light-induced increase in the concentration of electrons in n-type semiconductor, such as TiO 2 , does not have a significant effect on the total concentration of electrons. However, the related change in the concentration of electron holes, compared to insignificant concentration of these charge carriers in dark, is substantial. Therefore, exposure of n-type semiconductors to light results in a marked increase of its oxidation power. The effect of light on the semiconducting properties may be represented by so called quasi-Fermi levels of electrons, (E F ) n , and holes (E F ) p , that is represented in Fig. 10 .
The light-induced electronic charge carriers, which are formed within the light penetration depth, may have an effect of reactivity with water only when present at the oxide/water interface. Therefore, an essential property, which has an effect on performance, is the charge transport kinetics, which allows relocation of electronic charge carriers from the site of their formation in the bulk phase to the surface site where a chemical reaction, such as water oxidation, takes place. High performance requires that the transport of the electronic charge carriers is fast. As shown above, the performance of photoelectrochemical systems is closely related to the transport kinetics of charge carriers. Specifically, the energy losses related to ohmic resistance can be minimised when the charge transport kinetics is maximised. The latter may be achieved when the concentration of electronic charge carriers is high and their mobility is high as well.
The concentration of electronic charge carriers, which are related to intrinsic ionisation of semiconductors, such as pure TiO 2 , is relatively insignificant. The effect of ionisation of donor-and acceptor-type species depends on their concentration and ionisation energy.
The effect of oxygen activity on the concentration of the intrinsic defects in pure TiO 2 , as well as the related nonstoichiometry (x), is represented by the defect disorder diagram in Fig. 11 [4] .
As seen, the predominant ionic defects in TiO 2 include doubly ionised oxygen vacancies, tetravalent titanium vacancies, trivalent titanium interstitials, and tetravalent titanium interstitials. Ionisation of these ionic defects results in the formation of electronic defects. The related ionisation energies are shown in Fig. 12 [10, 11] . As seen, the concentration of electronic charge carriers at 1,248 K intercept at p (O 2 )= 10 −4 Pa demarcating the n -p transition point. Therefore,
Pa and 1,248 K becomes a p -type semiconductor.
As seen in Fig. 12 , the effect of oxygen activity on the concentration of electronic charge carriers may lead to a change in Fermi energy by 1.1 eV, which is substantial. Because of a substantial effect of oxygen activity on the semiconducting properties, reproducible properties may be obtained only for TiO 2 with well-defined oxygen activity.
Doping TiO 2 with pentavalent ions, such as niobium, results in the formation of donor-type energy levels, which are located just below the bottom of the conduction band as it is shown in Fig. 12 . Because of the low activation energy of the niobium levels, their ionisation is already substantial at room temperature, leading to a dramatic effect on electrical conduction. The effect of oxygen activity on the electrical conductivity of both pure and Nb-doped TiO 2 is shown in Fig. 13 [4] . As seen, the incorporation of donor-type ions into the lattice of TiO 2 results in an increase of conduction. As seen, the enhancement effect of niobium for Nb-doped TiO 2 increases with reduction of temperature. The incorporation of trivalent ions results in the formation of acceptor-type species. At high concentrations, these ions lead to conversion of n-type TiO 2 into p-type TiO 2 .
Flat band potential
The flat band potential, which is the potential required to neutralise the surface charge and the related electric field, leads to flattening the bands. The surface charge, which results in band bending (see Fig. 8b ), may be induced by adsorption and segregation of charge species. It has been shown that band bending may be engineered using the phenomena of diffusion and segregation through imposition of controlled concentration gradients [4] .
Charge separation
The light-induced electronic charge carriers have a tendency to recombine as it is represented in Fig. 8 . The electric field, which is formed at the TiO 2 /H 2 O interface, results in charge separation. The charge separation may be enhanced by deposition of small islets of noble metals on the surface of TiO 2 [12] [13] [14] [15] . Such islets have a tendency to scavenge the excess of light-induced electrons and enhance the reduction process. Deposition of nanosize metal particles may also lead to localised plasmon resonance [7] . The cathodic and anodic sites may also be enhanced by the imposition of oxide phases acting as cocatalysts, such as Cu 2 O and RuO 2 and IrO 2 [15] . The oxide phases may also be used in the formation of a photoactive photoelectrochemical chain resulting in effective removal of excess charge carriers as well as the light-induced ionisation.
Effect of surface properties on reactivity of TiO 2 with water
The light-induced electronic charge carriers, which are generated within the light penetration distance, are transported to the surface where they are available for reaction with water. These charge carriers lead to a substantial increase in oxidation potential of anodic sites and an insignificant increase in reduction potential of cathodic sites. In the case of TiO 2 grains immersed in water, the anodic and cathodic sites are located at high and low work function areas. Therefore, the construction of photoelectrochemical cells based on TiO 2 as photoanode Fig. 8 Schematic representation of ionisation and recombination of charge carriers (a) and the charge separation in an electric field induced by a surface charge (b) Fig. 9 Effect of chromium, molybdenum and niobium on band gap of TiO 2 [8, 9] . Reproduced from T. Bak, Oxide Semiconductors, Res. Reps., 2010 Fig. 10 The light-induced effect on semiconducting properties for n-type semiconductor represented by quasi-Fermi levels of electrons, (E F ) n , and electron holes, (E F ) p , within the light penetration distance. Reproduced from T. Bak, Oxide Semiconductors, Res. Reps., 2010 requires that the cathode exhibits low work function in order to enhance the charge transfer associated with reduction [4] .
The solar-to-chemical energy conversion is determined by the photoreactivity of anode and cathode with water and the related charge transfer. The reactivity between the surface of semiconductors and the adsorbed molecules may be considered in terms of donor-and acceptor-type reactions, which are represented in Figs. 14 and 15, respectively.
Water oxidation, which is represented in Fig. 15 , can be enhanced by lowering the Fermi level position. Alternatively, the charge transfer associated with water oxidation may be enhanced when water molecule is adsorbed on an acceptortype active site, such as titanium vacancies [4] .
Total and partial water oxidation may be expressed by the following respective reactions:
Fig . 11 Effect of oxygen activity on the concentration of both ionic and electronic defects in pure TiO 2 at 1,248 K using the Kroger-Vink notation [4] . Reproduced from T. Bak, Oxide Semiconductors, Res. Reps., 2010 Fig. 12 The energy levels of intrinsic defects in TiO 2 as well as niobiumdoped TiO 2 [10, 11] 
Where e' denotes a quasi-free electron in the oxide lattice. The preferred mechanism of water oxidation depends on specific surface properties, including the structure, composition, defect disorder and the related semiconducting properties. So far, it is unknown which surface properties are responsible for partial and total oxidation of water. Addressing this issue is an important matter in the formation of oxide semiconductors with desired selectivity.
The reaction (1) represents water decomposition into oxygen and protons, which takes place at photoanode of photoelectrochemical cells as shown in Fig. 16 .
The excess of electrons generated as a result of reaction (1) are transported via external lead to the cathode where they react with protons, which are transported via electrolyte as follows:
The related electrochemical system is derived in Fig. 17 , including semiconducting photoanode and metallic cathode.
As seen, spontaneous charge transfer within the system requires that Fermi level of cathode to be markedly above the level of the electrochemical H + /H 2 couple. If this is not the case, there is a need to impose an electrochemical bias in order to elevate the E F level of the cathode.
In accordance to reactions (1) and (3), the charge neutrality condition requires that the excess electrons, generated as a result of reaction (2), are removed from the system. The common way in collecting electrons at cathodic sites is the deposition of small noble metal islets of high work function, which are able to absorb electrons. It has been documented that electrons that are removed at cathodic sites associated with the reaction between TiO 2 and oxygen leading to the formation of superoxide species as follows:
An alternative cathodic reaction is the reaction between these superoxide species and protons leading to the formation of hydrogen peroxide.
The reactive species OH * , O 2 − and H 2 O 2 , which are formed as a result of partial water oxidation, play a significant role in removal of organic compounds from water, including microbial species and alternative toxic compounds.
Application of nanotechnology in the formation of photosensitive oxide semiconductors
Electronic factor versus nanotechnology component in photocatalysis
The Sect. 2 considers the effect of electronic factor on the reactivity of oxide semiconductors, such as TiO 2 , with water. This factor plays the predominant role when the surface is relatively flat, and the effects related to nanostructural defects may be ignored. However, when the surface morphology becomes complex, involving a number of micro-and macrodefects, then the reactivity must be considered in terms of two components; one related to the electronic factor and one associated with structural nano-defects, which can be considered in terms of nanotechnology. Substantial progress has been achieved in the application of nanostructured systems in the formation of high-performance systems, including photocatalysts for water purification and photoelectrodes for water splitting [16] . The main advantage of such systems consists in high surface area, which is available for the reaction between the oxide material and water as well as the outstanding properties imposed by the structural defects associated with nanostructures. While the effect of nanostructures on the reactivity of metal oxides with water is substantial; so far, little is known on the effect of specific shapes and sizes on the charge transfer. Therefore, there is an urgent need to derive theoretical models describing the effect of different nanostructures, characterised by different sizes and shapes, such as plates, nanofibres, spheres, thin films, nanowires and nanotubes. The nanostructures can be used in tailoring the morphology, which exhibit enhanced photocatalytic properties. It has been observed that plasmon resonance, leading to enhanced photocatalytic [7] .
Owing to its wide range of environmentally friendly applications, TiO 2 has been of a particular interest in studies of the effect of nanostructures on its performance.
Experimental procedures in the formation of nanostructures
There has been an accumulation of experimental data showing that nanostructured systems exhibit outstanding properties, which are profoundly influenced by the shape of nanostructured elements, such as needles, plates, tubes, as well as their size. A wide range of experimental techniques may be applied in the formation of nanostructures, including hydrothermal processes, sol-gel techniques and electrospinning [17] . The effect on the experimental procedures on the morphology of nanotube structures have been reported by Hossain et al. [16] .
It has been observed that photocatalytic activity can be markedly enhanced by the formation of composites involving plasmonic metals and oxide semiconductors, which act as an antenna for effective absorption of sunlight [18] . The related effect depends on the metallic phase as well as its size and shape.
Effect of nanostructures on photocatalytic performance
There is an increasing interest in the application of TiO 2 -based nanostructures, including nanorods, fibres, nanoplates and nanotubes in solar energy conversion [16, [19] [20] [21] [22] [23] [24] [25] . Their performance strongly depends on morphology. In the case of nanotubes, the morphology depends on the wall thickness and the length of nanotubes. The latter may be varied within 0.2-17 μm and depends on anodisation time. The recombination effect strongly depends on wall thickness (half thickness of the tube wall is markedly smaller than the diffusion length).
Another type of nanostructural systems includes nanoplates. Their thickness may vary within 1-10 nm. The nanoplates, which exhibit very large specific surface area, are very suitable to self-cleaning coatings.
The search for high-performance photocatalysts is led by the team headed by Fujishima [19] [20] [21] . The development of new photocatalytic materials includes nanowires and nanotubes, which can be applied for water and air purification as well as self-cleaning, sterilisation and hydrogen production. The research strategy aims at increasing the surface area and enhanced mass transfer.
Zhao et al. [22] have shown that nanosize platinum particles (sub-1 nm) exhibit a high photocatalytic activity for liquid-and gas-phase oxidation reactions. Xu et al. [23] reported the preparation of TiO 2 nanomaterials, such as nanotubes, nanofibres and nanoparticles, with tunable photocatalytic performance. Farbod and Kajbafvala [24] observed that composites formed of gadolinium and TiO 2 nanoparticles exhibit enhanced photocatalytic performance compared to that of undoped TiO 2 . Leary and Westwood [25] reported the novel approach in the development of TiO 2 -based carbonaceous nanomaterials, including carbonTiO 2 composites, TiO 2 covered with activated carbon, carbondoped TiO 2 , carbon nanotubes and graphene.
The studies of TiO 2 of different grain size have shown reduction of grain size below 10 nm and results in an increase of band gap [26, 27] . On the other hand, the band gap of TiO 2 -based nanotubes is larger than that of a single crystal [28] [29] [30] . In general, the formation of concave and convex surface structures of nanoparticles leads to smaller and larger band gap values, respectively.
Despite an accumulation of a very large number of reports on nanotechnology, so far, little is known on the effect of nano-induced morphologies on photocatalytic performance in terms of the specific properties responsible for the reactivity, such as electronic affinity and the concentration of surface active sites. One should expect that the performance-related properties for nanostructures may be considered in terms of the following effects: & Defect disorder, which is affected by the surface energy, in addition of the effect of oxygen activity, and & The local crystalline structure of the surface layer, which formed as a result of the energy component related to surface curvature.
Defect disorder
In the case of flat surface, the defect disorder of metal oxides is determined by oxygen activity and the temperature of processing as follows:
Where [def] is the concentration of defects. The surface curvatures associated with nanostructures possess an excess of surface energy, E s , that is related to specific curvatures. The effect of this component on defect disorder is unknown.
Surface structure
It is known that below a certain critical size, the crystalline structure may change. For example, Niepce [31] reported that the crystalline structure of BaTiO 3 is a function of the grain size. Niepce observed that the tetragonal structure of BaTiO 3 at room temperature is a bulk property, and there is a continuous transition between the bulk structure and the cubic structure at the surface. The effect if represented schematically in Fig. 18 .
Better understanding of the effect of nanostructures on properties and performance requires derivation of theoretical models on the effect of specific shapes on the local surface structure, defect disorder, and the related reactivity with light and water.
This brief overview indicates that while the effect of the nanotechnology approach in TiO 2 photocatalysis is substantial, so far little is known on the effect of a wide range on nanostructures on properties and performance. In other words, the increasing amount of the reported experimental data on the effect of nanostructure on photocatalytic performance is a "jungle", which so far does not allow derivation of any reasonable theoretical model. The aim of the co-authors of this work is to establish a team whose mission is to penetrate this "jungle".
Unresolved problems
The need to collect empirical data that are well defined
The studies on nanostructural photocatalytic systems indicate that the effect of nanostructures on photocatalytic performance is substantial. The enhanced performance may be considered in terms of a number of factors, such as surface area, surface energy and the related lattice imperfections leading to outstanding reactivity and photoreactivity with water. However, that main disadvantage of the experimental material, which has been collected so far, is the lack of reproducibility and compatibility even for systems of the same compositions. Therefore, the development of nanostructured oxide semiconductors for efficient conversion of solar-tochemical energy requires collection of data, which are reproducible and well defined. Only such data may be used for derivation of theoretical models that can be applied in prediction of the effect of nanostructures, and the related shapes and sizes, on photocatalytic performance. At this point, the following questions may be formulated:
1. What is the effect of specific fabrication details on nanostructures? 2. How can the nanostructures be modified by manipulation of the experimental procedures?
Effect of nanosize on structure
The studies of oxide systems indicate that low-dimensional systems exhibit outstanding properties, which are entirely different from those of the bulk phase. Specifically, the studies indicate that the crystalline structure of oxide systems becomes sensitive to the grain or crystallite size below a certain critical value. There is a need to collect well-defined experimental data on the effect of the grain size on properties, such as crystalline structure. Such data is needed to understand the effect of size and shape of low-dimensional system on properties, including photocatalytic properties. At this point, the following key questions may be formulated:
1. Which are the procedures leading to the formation of nanostructures that exhibit compatible properties? Fig. 18 Schematic representation of the structure within the BaTiO 3 grain involving an overlayer of cubic structure, tetragonal structure in the bulk phase and the tetragonality gradient between the two structures (a and b are crystalline parameters) [31] 2. Which are the procedures leading to the formation of nanostructured morphology, which can be easily reproduced? 3. How the nano-induced effects may be modified through a change of size and shape in a controlled manner?
Effect of nanosize on defect disorder
The reactivity and photoreactivity of oxide materials are profoundly influenced by lattice imperfections and the related defect disorder. Therefore, knowledge of defect disorder is required for correct interpretation of photoreactivity and the related charge transfer. While the properties of the bulk phase of oxide materials is relatively well defined, including defect disorder, the concentration and the nature of defects in the surface layer are entirely different. These mainly depend on surface energy, which for low-dimensional systems depends on the shape and the related surface curvatures. Therefore, studies are needed on the effect of shapes and sizes of nanostructured systems on defect disorder. The related studies may be guided by the following questions:
1. What is the critical size below which the nano-effect becomes significant? 2. How the nano-induced effects may be modified through a change of size and shape?
Surface analysis of nanostructures
The reactions between oxide materials and water take place at the surface. Therefore, correct interpretation of the photoreactivity of nanostructured systems with water requires better understanding of the local properties of the surface layer. This requires new techniques to be developed on the determination of the local surface properties and monitoring of their changes during lightinduced reactions at the oxide/water interface. First of all, there is a need to identify the surface active sites of reactivity. In this matter, the following questions can be formulated:
& Which are the local active sites for oxidation and reduction reactions, such as surface ions and defects? & What is the effect of the lateral concentration of the active sites on reactivity and photoreactivity with water? & What is the effect of the collective factor, such as the chemical potential of electrons, on reactivity and photoreactivity with water?
Theoretical models on reactivity and photoreactivity of metal oxides with water
The progress in R&D requires derivation of theoretical models that can be used in predicting the effect of surface versus bulk properties on photocatalytic performance. The models, to be credible, must be derived from empirical data, which are well defined.
Conclusions
The present work considers the basic aspects of solar-tochemical energy conversion by TiO 2 -based oxide semiconductors. The performance of oxide materials is considered in terms of the key-performance-related properties, including the band gap, the charge transport, flat band potential and surface properties. It is shown that the efficiency of the solar energy conversion is closely related to the reactivity between the oxide surface and water, leading to partial or total water oxidation. Both processes are important in the development of environmentally friendly technologies, including solar water purification and the generation of solar fuel from water as a raw material. Certain progress has been achieved in understanding the effect of chemical composition and phase composition on photocatalytic performance. The collected empirical data indicate that the conversion of solar energy by oxide materials is determined by semiconducting properties, which are closely related to defect disorder.
An accumulation of the experimental data on nanostructured systems indicates that the properties of nanostructured systems are entirely different in terms of the surface structures and the related defect disorder. There is an urgent need to derive theoretical models that are reflective of the nanostructured systems.
The unresolved problems, constituting hurdles in the development of these technologies, are discussed, and a strategy in overcoming these hurdles is considered.
